Natural water droplets and ice crystals in the atmosphere present a formidable hazard to ballistic vehicles during various phases of their trajectory. A number of studies have been made to determine the effect of ice crystals and water droplets on the performance of ballistic reentry vehicles (RV) (Refs. 1 and 2). The gun range has been used to determine the effect of snow and ice crystal impact on reentry vehicle nosetips for extremely short flight times (Ref. 3 ). At present, there is no facility that can simulate both the duration and intensity of the erosive environment induced by natural water droplets during the reentry phase of ballistic flight trajectories. The Arnold Engineering Development Center (AEDC) Dust Erosion Tunnel (DET) has been used successfully to simulate the environment created by atmospheric dust particles during the ascent phase of a ballistic vehicle's flight. In the AEDC High Enthalpy Arc Tunnel (HEAT) test facility (H-l)*, the kinetic energy flux on transpiration-cooled nosetips attributable to water droplet impacts has been simulated with graphite particles having a specific gravity of 1.7. Extending the simulation capability to include acceleration of water droplets would provide a more accurate simulation of the environment encountered by an RV nosetip in adverse weather during its ascent phase in the DET and its terminal phase in the HEAT facility. The survivability of droplets in these hightemperature facilities is, of course, the critical feasibility question.
In Fiscal Year 1977, an exploratory test was conducted by H. F. Lewis at AEDC in the DET in which liquid water (up to 15 percent of total mass flow) was injected through the existing particle injection system. The facility was operated at low enthalpy (600 Btu/lbm to encourage droplet survival. No particle diagnostics were installed to provide direct evidence of droplet survival; however, strong indirect evidence was obtained from stagnation point heat-transfer measurements which could be interpreted in terms of the latent heat of vaporization of droplets forming a heat sink at the model surface. In addition, some evidence of model surface erosion and/or accelerated chemical activity was observed. The current study was undertaken to determine whether droplet survival in the DET tests could be analytically verified and, more importantly, to determine whether appropriate modifications would produce a useful droplet erosive field in the DET and the HEAT facility.
DROPLET BEHAVIOR
This report is concerned with understanding and predicting the behavior of accelerating water droplets in supersonic nozzles at operating conditions usually associated with complete test model destruction. For a ~,ater droplet to survive such conditions, it must meet and overcome three specific hazards: *The AEDC High Enthalpy Arc Tunnel (HEAT) test facility (H-l) is hereinafter referred to as the HEAT facility.
1. The droplet or its precursor must be injected into the nozzle in a manner consistent with the formation of the droplet and the basic flow process in the nozzle.
2. The droplet must resist breakup by the aerodynamic forces that produce its acceleration.
3. Enough of the initial droplet must survive evaporation to produce a meaningful test environment.
The design goal for a droplet acceleration nozzle is to accelerate water droplets of from 500-to 1,000-# diameters to velocities that are associated with ascent and reentry trajectories. The operating parameters for the DET and HEAT are presented in Table 1 .
Since there is no continuous water droplet acceleration facility presently available, attainment of even a fraction of the velocities indicated in Table 1 will be of some interest. It is expected, however, that droplet velocities will have to exceed 9,000 fps to be of lasting interest. Also, although droplet sizes of 500 g are desired, more interest would result if smaller drops could be accelerated to high velocities. 2,800 to 11,100
DROPLET FORMATION
Since droplet formation has been of significant industrial importance for many years, there has been much research done concerning the breakup of liquid streams into drops. Although this study is restricted to the study of droplet injectors for the DET and HEAT nozzles, a short discussion of the full range of liquid jet breakup behavior will illuminate some of the problems inherent in droplet injector design.
In Ref. 4 and others, the jet breakup behavior is illustrated by showing a simplified model of an ideal, smooth, cylindrical injection tube discharging liquid into stagnant air at various liquid flow rates. The resulting flow patterns for an increasing liquid flow rate are illustrated in Figs. la through e. The flow pattern sketched in Fig. la represents a low flow regime in which the capillary forces completely dominate the flow. A drop remains attached to the injector until it is dislodged by the weight of the fluid, stray air currents, vibration, or some other force. The size of the drop is controlled by the liquid surface tension and injector geometry. Many experimenters have reported that the drop size is roughly twice the injector inside diameter.
In Fig. lb , the liquid flow rate has been increased until a solid, clear, undisturbed jet is formed. The clarity of the jet is significant in that there are no surface waves on the jet surface; this implies that the aerodynamic forces are minimal. The jet surface oscillates because of the interaction between surface tension and inertial forces; these surface oscillations build to the point at w, hich the jet is pinched off, forming long cylinders downstream of the injection point. These cylinders, in turn, form droplets that are approximately twice the jet diameter. This regime is called the Rayleigh regime and has been studied intensively.
At higher jet velocities, the aerodynamic forces induced by the motion of the jet become significant. The aerodynamic forces amplify and interact with the surface oscillations to increase their amplitude and produce jet breakup nearer the injector face, as is shown in Fig.  lc . The resulting droplets have the same diameter as the jet. This regime was called the "first wind-induced regime" by Weber, whose work is discussed in Refs. 5 and 6.
The second wind-induced regime, which occurs at even higher jet velocities, is characterized by a relatively short cylindrical jet that abruptly breaks up into small drops, producing a fan-or cone-like expansion, as shown in Fig. ld . In this regime the surface aerodynamic forces are so much greater than the surface tension forces that the characteristic drop size, which is considerably smaller than the jet diameter, is only slightly dependent upon jet diameter.
The final regime, shown in Fig. le , is called the atomization regime because the jet is completely broken up into very small drops (i.e., atomized) at the injector exit. The jet has no cylindrical section and the cone-like expansion begins at the injector exit. Some experimental evidence suggests that the breakup process actually begins inside the injector and that it is associated with turbulence production in the injector.
Much empirical and analytical work has been done in attempts to describe the jet breakup in the atomization regime; important applications to such devices as paint sprayers and rocket propellant injectors have helped to prompt this work. There is a lack of analytical definition of the boundaries of the various breakup regimes, probably because the many secondary variables that affect the breakup process are uncontrolled, thus complicating the precise definition of boundaries. The Rayleigh and first wind-induced breakup regimes are of primary importance to this study; it is unfortunate that the other, more stable, breakup regimes produce large quantities of very small droplets which tend to evaporate quickly in a nozzle.
The tx~.o critical questions of droplet behavior that must be answered are i. Where does the liquid jet breakup occur?
2. What is the diameter of the resulting drops?
Calculation of a meaningful jet breakup time in either the DET or the HEAT facility is complicated by the fact that the injected jet is subjected to an extreme acoustic environment and a highly turbulent flow. Measurements of the environment inside the injector chamber have not been made, but pitot pressure measurements in the arc heater exit flow typically have fluctuations that are 2.5 percent of the mean value. The quantitative effect of the droplet injection chamber-environment is also unknown. In view of the uncertain nature of the environment and its effect on the jet, the most conservative assumption to make is that the jet breaks up into droplets at the injector exit, although it could be possible that the jet could break up further downstream, produci.ng larger droplets at the exit.
Many different droplet-size prediction models exist. 
where B = Bond Number -
A EDC-TR-79-97 A = Acceleration to surface tension ratio = pg D(~aa c aO
(4)
The remaining terms and subscripts are explained in the Nomenclature.
The drop or jet velocity issuing from an injector can be predicted by
where (5 o is the injector pressure drop and Cq is the empirical discharge coefficient, usually between 0.85 and 1.0.
A plot of Eq. (5) is shown in Fig. 2 for Cq = 1.0. It should be noted that in all of the literature searched concerning "high-speed jets," injector cSp is limited to about 3,000 psi. No data and, hence, no correlations were found for what may be termed ultrahigh jet velocities on the order of 2,000 to 3,000 fps.
4,000
3,000 
AEDC-TR-79-97
Discussion of the practical problems associated with achieving high jet velocities will be deferred until Section 4.3, but it is appropriate to discuss the jet breakup problem here. Some im, estigators believe that atomization of the jet occurs because of the level of turbulence in the injector and not because of the jet velocity relative to the airstream. 
DROPLET BREAKUP
The most restrictive feature of the droplet behax, ior is the tendency for the droplet to deform and disintegrate when the aerodynamic loading exceeds a critical loading. The ratio of droplet distorting aerodynamic forces to the droplet cohesive forces is defined as the Weber number:
A number of experimental stidoes of these phenomena have been made (Refs. 9, 10, and 11). The behavior of the drop as described in Ref. 4 is categorized by the five modes shown in Fig. 4 Observed droplet breakup regimes.
The critical Weber number is defined as the upper boundary of the first region, that of steady-state equilibrium. Values vary from 4 to 10 for the critical Weber number used in the studies. The value of 8, taken from Ref. 9 , is used in the analytical portion of this study. Between the critical Weber number and a Weber number of 20, the droplet is observed to vibrate and eventually to break up into two or three equal-sized droplets. Between Weber numbers 20 and 70, the droplet deforms into a bag with a heavy rim before breakup. Between Weber numbers 70 and 100, the drop deforms as a bag plus a centerbody before breakup. Between numbers 100 and 20,000, the drop flattens and the surface is blown (i.e., stripped) away. Above a Weber number of 20,000, the drop is said to enter the catastrophic mode of breakup in which it is torn apart virtually instantaneously. Two points should be apparent from 
t b V r Pg (9) In these experiments the flow behind the shock is steady, and the droplet is accelerating toward equilibrium with the flow. In the droplet acceleration nozzles under study here, both the droplet and the gas are accelerating. Equations (6), (7), and (8) 
before the droplet can be said to have disintegrated.
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The droplet dilation ratio observed in Ref. The dilation behavior in the intermediate Weber number region was odd, and the scatter in all regions was large. The relations
Max (15) are used in the study for all Weber numbers. The electrostatic forces can also be neglected in this study, but under some conditions, the electrostatic force either advertently or inadvertently applied can be significant (Ref. 14) . The remaining forces are grouped together and are described by the droplet drag coefficient to which appropriate corrections are made to account for the effects of nozzle pressure gradient and droplet volume fraction. 
DROPLET DRAG COEFFICIENT
is used in this study with appropriate correction factors. When one derives optimum nozzle contours, the use of a single relationship for drag coefficient between Rea = 0.01 and Red = 20,000 precludes any problems attributable to drag curve mismatch. Mach number correction to the standard drag curve is not necessary since the relative Mach number of viable drops will be low in areas in which small changes in the drag coefficient are significant.
The nominal value of droplet Ca must be increased if the droplet spacing approaches a value of several droplet diameters. Tam (Ref. 18) estimates that the drag coefficient of a sphere in incompressible flow will be multiplied by a factor as follows:
where ~ is the fraction of space occupied by the particle volume. The liquid volume fraction is less than 0.2 percent for the conditions considered in the study; consequently, it is not necessary to make the drag coefficient correction indicated by Eq. (20) .
However, an additional correction is required to account for the effect of the nozzle pressure gradient. Since the force on a droplet attributable to pressure gradient is
This correction is usually neglected; however, the small throat diameter and radius of curvature and the high reservoir pressure of the DET and HEAT facility nozzles create an unusually large pressure gradient that can increase the droplet drag coefficient by 100 percent. Because of the nature of this force (i.e., its similarity to the buoyant force which accelerates vapor bubbles), it probably does not increase the distortion of the droplet and, hence, is highly advantageous. Paradoxically', contouring the nozzle to produce a gradual droplet acceleration, inhibiting droplet breakup by aerodynamic forces, reduces this favorable force to an insignificant level.
DROPLET EVAPORATION
In general, accurate computation of droplet evaporation requires full consideration of heat and mass transfer through the binary boundary layer of the evaporating drop. The parameters that best describe this process are the Nusselt number (Nu) and the diffusion Nusselt number (Nu'). These parameters have been correlated by many investigators who agree with Ref. 
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It should be noted here that Eqs. (23) through (26) 
Equations (27) and (28) 27) is the rate at which the droplet loses mass, whereas the mass flow in Eq. (28) is the rate at which the droplet mass is passed through the droplet's boundary layer by diffusion. These rates may be equated under most conditions. The energy balance of Eq. (27) includes a droplet radial heat conduction term, Ke (0T/0r). This usually insignificant term plays an important role in the change of phase of a drop when there is no heat transfer or diffusion through the drop's boundary layer, such as when a drop is in both velocity and thermal equilibrium with a gas whose pressure is decreased to a level below the equilbrium saturation pressure. In such a case, the droplet conditions necessary for evaporation (i.e., nonequilibrium), are created as the pressure wave associated with the pressure change passes through the drop. Evaporation or boiling first occurs at a nucleation site or phase boundary as the driving potential is increased. In this case, the evaporation occurs immediately at the drop's surface without any accompanying mass diffusion through the boundary layer. The evaporation is limited only by the rate at which the latent heat of vaporization can be supplied by conduction from the interior of the drop. That is, Eq. (26) degenerates to
Very large rates of droplet temperature change are generated by seemingly insignificant droplet temperature gradients for small drops. For example, the temperature-time derivative for a 25-# drop with a l °R linear temperature differential between the surface and the center of the drop is 0T 6 kg 0T where f is the relationship of vapor temperature to vapor pressure, with which the droplet energy equation can be solved for the evaporation rate as a function of pressure and heattransfer rate.
ANALYSIS OF DROPLET ACCELERATION
A review of the earlier DET test data indicated that a droplet erosive field might be obtained in the DET; however, subsequent analysis using the one-dimensional particle acceleration nozzle program of Ref. 8 , which was modified to calculate droplet evaporation and breakup, did not support this contention. Further review of the test data and the describing equations indicated that including the momentum and energy coupling term between droplet phase and nozzle gas phase would improve the analysis.
GOVERNING EQUATIONS
The one-dimensional channel flow of a noncondensable gas with concurrent flow of a liquid and its vapor can be described by three global conservation equations, two coupling relations for the gaseous and liquid phases momentum and energy, an equation describing the rate of phase change, and three equations of state. Auxiliary relations are required to determine the global equation of state in terms of the component parts and the gas phase transport properties in terms of the noncondensable gas properties, the vapor properties, and the vapor fraction, lild/12flg. The equations to be integrated are as follows:
Conservation of Global Mass [Eq. (A-2)]
1 du 1 dh 2 dDN 1 dp 1 dR 3 r~d dDd The term (l/v) (dR,/dx) is evaluated numerically from the previous calculation. This vanishes for ideal-gas calculations.
The integration of the equations is accomplished by estimating the downstream pressure and, hence, the pressure gradient required to obtain some desired downstream condition, such as in matching the flow diameter to fit the nozzle contour: Equation (39) is derived from isentropic flow theory. This equation is used successfully to predict the value of dp/dx for nonisentropic flow because, in practice, the tSA term includes the correction for any previous errors and simplifying assumptions as well as for the change in true nozzle area in the interval tSX.
This equation represents a change from the procedure used in Ref. 8 and has two distinct advantages:
1. In Eq. (40) the problem of dealing with the implicit sonic flow singularity in the system of ordinary differential equations is replaced with the problem of dealing with an explicit singularity whose behavior can be monitored. As a practical matter, limiting the pressure gradient to small negative values in the region near Mach 1 eliminates the mathematical problem. The gas-dynamic problem of matching the sonic point to the throat is handled, as always, by iterating on inlet mass flow for constant inlet total pressure and total enthalpy. 
Equations (31) through (49) are written in terms of the average gas and particle properties and, as a result, are as accurate as the values of Cf, Ch, and Co used. With this one limitation, there is no reason why this solution should not be applicable to calculations beyond the merge point of the turbulent boundary layer of long slender nozzles. The previous analysis, presented in Ref. 8 , used a friction coefficient (Cf) that was calculated with the implicit assumption that the boundary layer was not merged; hence, this analysis was optimistic. The present analysis does not make this assumption; however, in recognition of the fact that the centerline values of the flow variables are different from the average values, the centerline flow conditions are estimated with the assumption that isentropic flow exists between the nozzle inlet and the nozzle exit along the nozzle centerline. These calculations are made to determine to what extent the nozzle centerline conditions differ from the average conditions. The resulting centerline calculations are accurate up to the merge point. The centerline calculations beyond the boundary-layer merge point represent a theoretical limit that cannot be reached.
DUST EROSION TUNNEL PREDICTIONS
The equations described in Section 3.1 were programmed for an 1BM 370/150 computer and were used to predict the droplet trajectories in the DET nozzle for the conditions of the earlier test: The results of the analysis suggest that small droplets could have survived in the DET nozzle if the droplet model described in Section 2.0 is accurate. The calculations of droplet evaporation predict that all droplets having an initial diameter (D,) greater than 10/~ will survive evaporation, as shown in Fig. 6 . Conversely, the calculations of droplet breakup based on the approximate model of Section 2.2 predict that droplets with an initial diameter of 15 p. will exceed a Weber number of 8 and, hence, begin to break up 0.60 in. upstream of the DET throat, as shown in Fig. 7 ; the droplets will have completed the breakup process at Further calculations could be made to determine the precise initial diameter (between 10 and 15 #) of the largest droplet that could survive the breakup process described in Section 2.2, if such droplets were of anything but acadernic interest. A more profitable pursuit is suggested by the Weber number plot of Fig. 7 , which shows that the droplet breakup conditions occur only in the nozzle throat. Thus, droplet breakup might be prevented if the throat is recontoured to limit droplet acceleration to some low value (i.e., to a Weber number less than 8.0). Nozzle Station, in Figure 8 . Effect of droplet mass flow rate and drag coefficient increase due to droplet distortion on predicted breakup time for the DET nozzle throat region. 25 
DROPLET ACCELERATION NOZZLE CONTOUR OPTIMIZATION
The object of the optimization process discussed here is to limit the droplet Weber number to a value below which droplet breakup will not occur. A value of 8 has been chosen tentatively for this study; other purposes would have produced other "optimum" results. Narkis and Gal-Or (Ref. 27) defined the contour necessary to limit the evaporation of drops in two-phase flow and, with a similar analysis, came to some strikingly different conclusions, which were correct for their purposes. In their complete analysis, Elliot and Weinberg (Ref. 15 ) defined a nozzle contour necessary to maximize the exit velocity of constant-diameter water drops. Other analyses of optimization criteria for two-phase flow systems may be found in Refs. 15, 27, and 28.
The salent feature of the present analysis is that it entails a simple modification of an existing accurate predictive code that treats the fully coupled conservative equations for twophase flow of an equilibrium real-gas and water vapor at high pressures and moderate enthalpy, including wall friction and heat transfer.
OPTIMIZATION CRITERION
The basic optimization criterion used in this study--limiting the Weber number to an arbitrary value--follows directly from the conclusions reached in Section 3.0: that low values of Weber number associated with small, initial, drop diameters reduce the final droplet size through increased evaporation and that high values of Weber number result in droplet breakup. The optimization process is involved at every step in the marching solution of the system of ordinary differential equations of Section 3.1; the process is used to determine the downstream pressure required to produce a Weber number of the desired limiting value.
With the assumptions that constant total enthalpy and total pressure exist in the gas phase and that constant surface tension exists for the predicted step, the downstream pressure is calculated from the following functional dependence: P2 = f . Dx, We, Wet, M 1. u 1. h I . PI' Vd 1' DI' Ddl" 0x' ~x / This functional dependence [Eq. (50)] is an approximation, but it works extremely well in regions of low pressure gradient. The resulting value of Weber number, in areas of high pressure gradient, is as much as 2.5 percent low, which is consistent with the approximate value of the critical Weber number. Two more fundamental problems occur at the nozzle inlet and exit. At the nozzle inlet or, more precisely, at the droplet injection plane, the optimization criterion demands an immediate and unrealistic change in nozzle area. This is circumvented by using the droplet injection conditions and the critical Weber number to determine the starting conditions for the optimization process. A similar problem occurs near the exit of high Mach number nozzles, where the gas density falls so low that the local Weber number is much less than the critical Weber number. In these cases, the optimization process is no longer necessary, and the nozzle contour should be specified by some other criterion. For the conditions of this study, it was found that the droplet velocity cannot be appreciably increased past the point at which the droplet critical Weber number is not a problem.
DROPLET ACCELERATION NOZZLE PERFORMANCE PREDICTIONS
A limited parametric study of the factors affecting droplet acceleration nozzle performance was made for a HEAT facility and a few, limited calculations were made for the DET. The HEAT facility nozzle received more attention since the characteristically lower expansion ratio in that facility allows faster, more economical calculations that retain all of the important characteristics of the processes common to both facilities, except for droplet freezing that can be predicted only by DET solutions.
Preliminary calculations indicated that droplets injected at velocities compatible with the existing particle injection systems in the DET and the HEAT would probably not survive to the exit of the optimized nozzles at even moderate reservoir enthalpy levels. This is further aggravated by the fact that droplet and gas velocities vary with the square of the reservoir enthalpy.
One possible solution to this problem is to increase the droplet injection velocity to minimize the droplet mass loss in the subsonic section of the nozzle. As a practical concern, the maximum droplet injection ~.elocity is severely limited by the available droplet injection pressure as is shown by Fig. 2 . The predicted effect of droplet injection velocity is shown in Fig. 9 . As expected, the exit droplet diameter increases almost linearly with increase in injection velocity from 13/~ at 600 fps to 30 # at 3,000 fps for an initial, droplet diameter of 50/.t. It is unfortunate that these larger drops require very long acceleration times, which involve long nozzle lengths and large reductions in exit bulk enthalpy because of wall heat transfer. The exit droplet velocity is 4,900 fps for an injection velocity of 3,000 ft/sec, which represents an increase of only 1,900 fps. Increasing the injected drop size from 50 to 150 # decreases the exit velocity from 5,700 to 3,200 fps (as shown in Fig. 10 ) for injection velocity of 600 fps. Figure 10 also shows that the predominant effect of high injection velocity is to increase the exit drop diameter. The exit bulk enthalpy again decreases as the drop size increases. The performance of the droplet acceleration nozzle for the 150-~t, 3,000-fps point is poor since viturally half the bulk enthalpy is lost through the nozzle walls. The droplet breakup criterion severely limits acceleration of large droplets.
Performance could be improved considerably if the droplet breakup could be inhibited in some manner, such as by increasing the surface tension. This is shown in Fig. 11 , in which the droplet breakup Weber number is assumed to be as high as 24. The increased breakup Weber number increases the droplet exit diameter and exit enthalpy. The performance of the DET nozzle with a 5,000-psi droplet injection system is shown in Fig. 12 . The 5,000-psi injection system produces theoretical droplet injection velocity of 770 fps. The predicted droplet exit velocity is rather insensitive to droplet injection diameter, ~,ar~,ing only slightly between 4,700 and 4,800 fps.
Further study is needed to determine the full impact of varying the other system variables such as throat diameter and nozzle pressure; however, one problem that so far seems inherent in the acceleration nozzle studied is the large reduction in bulk enthalpy attributable to wall heat transfer in the excessive nozzle lengths. This results in low particle exit velocities even though the particles are nearly in velocity equilibrium with the gas. The droplet velocities given here are based on average gas properties; the centerline values will be somewhat higher. 8 16 24 Assumed Critzeal Weber Number 
I

I00
DROPLET INJECTION
The tentative conclusion that can be made is that high droplet injection velocities are desirable. A droplet injection velocity of 3,000 fps requires an injection pressure of 60,000 psi. Various investigators have used pressure intensifiers to produce high liquid pressures, using a low-pressure gas source. Figure 13 is a sketch of such a device and Fig. 14 illustrates its application to Ihe HEAT facility. The ratio of diameters of the intensifier can be varied to produce pressure ratios of 10:1 or greater. Installing the intensifier and the arc heater adapter required to minimize the friction losses will not be a routine task. 
CONCLUDING REMARKS
1. Although the analyses of the earlier test data were not conclusive, droplet/ice crystal survival in the DET can most probably be attributed to high deformeddroplet drag loads and the resulting high acceleration, which reduced the droplet slip velocity before completion of the breakup process.
2. The method of analysis described in Section 3.1 models all of the important flow phenomena in a high-temperature droplet acceleration nozzle. The water/ice phase transition should be included in the analysis of low-temperature droplet acceleration nozzles such as the DET.
3. Droplet acceleration nozzle contours can be derived to inhibit droplet breakup caused by high Weber number, but these contoured nozzles will be very long and will have high heat-transfer losses to the wall.
4. An erosion field of 35-~-diameter droplets can probably be achieved in the DET if a new droplet injection chamber and nozzle throat are designed.
5.
A droplet erosion field of 150-/~-diameter droplets can probably be produced in the HEAT facility if a new droplet acceleration nozzle throat and high-velocity droplet injection mechanism are developed.
6. Further analytical and experimental work should be done concerning highvelocity droplet injection techniques.
7. The one-dimensional droplet acceleration nozzle code should be modified to include a better wall-heat-transfer model and the water-ice phase change model. 
